Abstract: Background and Objectives: Despite accumulating research demonstrating that acute exercise may enhance memory function, very little research has evaluated whether acute exercise can effectuate intentional directed forgetting (DF), an adaptative strategy to facilitate subsequent memory performance. Materials and Methods: A three-arm parallel-group randomized controlled intervention was employed. Participants were randomized into one of three groups, including: (1) exercise plus DF (Ex + DF), (2) DF (directed forgetting) only (DF) and (3) R (remember) only (R). The acute bout of exercise included 15 min of high-intensity treadmill exercise. The memory assessment involved the presentation of two-word lists. After encoding the first word list, participants were either instructed to forget all of those words (DF) or to remember them. Following this, participants encoded the second word list. Results: We observed a statistically significant main effect for list F(1, 57) = 12.27, p < 0.001, η 2 p = 0.18, but no main effect for group F(2, 57) = 1.32, p = 0.27, η 2 p = 0.04, or list by group interaction, F(2, 57) = 2.89, p = 0.06, η 2 p = 0.09. Conclusions: This study demonstrates a directed forgetting effect in that cueing an individual to forget a previously encoded list of items facilitates memory performance on a subsequent list of items. However, we failed to demonstrate any beneficial effect of acute exercise in facilitating directed forgetting. These findings are discussed in the context of directed forgetting theories, particularly the attention inhibition mechanism, as well as the timing of the acute bout of exercise.
Introduction
Optimal memory function is critical for daily functioning-we use our past memories to help shape our current and future behaviors. As such, identifying ways to enhance memory function is of great importance. We have extensively demonstrated that acute exercise [1, 2] , particularly high-intensity exercise [3] , can enhance memory function, including episodic memory [4, 5] and working memory capacity [6] . Mechanisms of this effect can be found elsewhere [7] [8] [9] [10] [11] , and include, for example, increased neuronal excitability in key memory-related brain structures (e.g., hippocampus) [12] . What has been considerably less investigated, however, is whether acute exercise can effectuate intentional forgetting. Intentional forgetting, as opposed to unintentional forgetting, is considered a productive, adaptative skill. Memories are forgotten for several reasons, including, for example, conflicting information being similar in context [13] . As such, intentionally forgetting certain material may minimize a future memory interference effect. As a real-world example, an individual may be studying for an upcoming examination, and as such, they may be encoding large amounts of information. They may eventually realize that some of this information may not be necessary to remember (either determined by themselves or instructed by the teacher). Intentionally forgetting some of this previously encoded information may help to consolidate other learned information, as well as to facilitate the encoding of subsequently acquired information.
Although acute exercise has been shown to enhance the acquisition and retention of information [1, 2] , to our knowledge, only one study has evaluated the effects of acute exercise on intentional forgetting [14] . In a previous experiment [14] , we evaluated a selective directed forgetting paradigm. That is, participants encoded a list of words (List 1) and were subsequently asked to either selectively forget some of the List 1 words (selective forgetting), forget all of the List 1 words (directed forgetting), or remember all of the List 1 words (remember). They then encoded a separate list of words (List 2). Generally, participants instructed to forget information (List 1) tended to recall more words on List 2 (i.e., a List 1 forgetting-induced List 2 enhancement effect). Previous research suggested mixed findings regarding whether individuals can selectively forget partial information [15] . As such, in this previous experiment [14] , in addition to these three groups (selective forgetting, directed forgetting, and remember), we employed a condition that combined selective forgetting with an acute bout of high-intensity exercise. Given the role of executive function in facilitating selective forgetting [15] , coupled with the executive function enhancement effects of acute exercise [16] , we hypothesized a List 2 enhancement effect in this group, over and above that of the group that received the selective forgetting instructions. Although we did observe a List 2 enhancement effect from directed forgetting, acute exercise did not have any effect on selective forgetting [14] .
The current experiment extends this past experiment in two main ways. First, in this experiment, we aimed to replicate this directed forgetting effect with novelty added to this paradigm; this experiment evaluates whether acute exercise can augment the List 2 enhancement effect from directed forgetting. A second extension of our past experiment [14] was to employ a higher-intensity bout of exercise. Emerging work suggests that high-intensity acute exercise is superior in enhancing episodic memory when compared to lower-intensity acute exercise [3, 17] . The null exercise effect in our past experiment [14] may have been a result of the lower-intensity (i.e., moderate-intensity) exercise protocol that we employed. Thus, the purpose of the present experiment was to evaluate whether we can replicate a directed forgetting effect and whether high-intensity acute exercise can additively enhance a directed forgetting effect. The implication of this work stems from the adaptative benefits of intentional forgetting. Thus, given that it is not realistic to remember all previously acquired information, coupled with the notion that intentional forgetting of select information may help to facilitate the recall of other select information as well as enhance the encoding of subsequent information, it is advantageous to identify strategies to facilitate intentional forgetting. The strategy of interest for this experiment was acute exercise. We hypothesized that acute exercise would enhance an intentional forgetting effect. If such an effect is observed, then it may be sensible for individuals to consider engaging in a brief bout of acute exercise prior to learning, which at that point, they may engage in intentional forgetting processes if encoding concurrent, conflicting/unnecessary stimuli.
Materials & Methods

Study Design
A three-arm parallel-group randomized controlled intervention was employed. Participants were randomized into one of three groups, including two experimental groups and a control group. One of the experimental groups engaged in a bout of high-intensity acute exercise for 15 min (treadmill jogging), while the other two groups did not exercise. The three groups included: (1) exercise plus DF (Ex + DF), (2) DF (directed forgetting) only (DF) and (3) R (remember) only (R). Details on the procedures of these groups is explained in the protocol below. Participants provided written consent prior to participation. This study was approved by the ethics committee at the University of Mississippi (#19-041).
Participants
Each group included 20 participants (N = 60; n = 20 per group), which aligns with our other related experimental work on this topic [18] [19] [20] [21] . Participants were randomized into one of three groups using a computer-generated program. Recruitment occurred via a convenience-based, non-probability sampling approach (classroom announcement and word-of-mouth). Participants included undergraduate and graduate students between the ages of 18 and 40 years.
Additionally, participants were excluded if they: self-reported as a daily smoker [22, 23] , self-reported being pregnant [24] , exercised within 5 h of testing [25] , consumed caffeine within 3 h of testing [26] , had a concussion or head trauma within the past 30 days [27] , took marijuana or other memory-altering substances within the past 30 days [28] , or were considered a daily alcohol user (>30 drinks/month for women; >60 drinks/month for men) [29] .
Exercise Protocol
Those randomized to the exercise group (Ex + DF) exercised at 80% of their heart rate reserve (with maximum heart rate estimated from the formula, 220-age), constituting high-intensity exercise [30] . The treadmill speed and incline were manipulated throughout the bout of exercise to ensure the heart rate (measured continuously via Polar, F1, chest-strapped monitor) stayed within 5 beats per minute of the target heart rate. Heart rate was monitored throughout the bout of exercise and recorded at baseline, midpoint (7.5 min) and endpoint (15-min) . This manipulation of speed and incline resulted in an achieved exercise heart rate of 77.2% of heart rate reserve, which corresponds to vigorous-intensity exercise (60-89% of heart rate reserve) [30] .
Non-Exercise Protocol
As stated above, the Ex + DF group engaged in an acute bout of exercise for 15 min and then rested for 10 min before starting the memory protocol. The two other groups (DF and R) engaged in a seated, time-matched 25-min task before starting the memory protocol. This involved playing a medium-level on-line administered Sudoku puzzle. The website for this puzzle is located here: https://www.websudoku.com/. We have experimental evidence that playing this puzzle does not prime or enhance memory function [31] . Similar to the exercise protocol, heart rate was measured and recorded at baseline, midpoint (12.5 min) and endpoint (25 min).
Memory Assessment
The memory assessment involved the presentation of two-word lists (list 1 and list 2; L1 and L2, respectively). Each list consisted of 16 unrelated words from the Toronto Word Pool (http://datavis.ca/papers/twp.pdf). The order of words on each list was random. Each word was presented on a computer screen at a rate of 4 s, followed by a 1-s inter-stimulus interval.
Prior to L1 presentation, participants received the following instructions, "do your best to try and memorize all of these words, as later in this experiment you will be asked to recall as many of these words as possible." Following L1 presentation, participants received specific instructions, depending on the group they were randomized into.
Those randomized into the DF (directed forgetting) group were told: "you now will be exposed to a different list of words in which you will be asked to recall later in this experiment. Importantly, please forget all the words from the previous list that you just saw. You will not be asked to remember any of these words from that previous list, and it is important to try and forget all those words, as forgetting those words will help you remember the words from the next task".
Those randomized into the R (remember) group were told: "you will now be exposed to a different list of words in which you will be asked to recall later in this experiment. Please also do your best to remember all the words from the list you were just exposed to, as you will be asked to recall words from both lists".
After the presentation of L2, participants completed simple arithmetic problems (for 30-s). Following this, participants were told: "you now will recall as many words as possible. You now have 90-s to recall as many words as you can remember from L1". After this 90-s period, they were told: "You now will recall as many words as possible from L2". Notably, the order of L1 and L2 were counterbalanced at both encoding and retrieval.
Statistical Analysis
All statistical analyses were computed in JASP (v. 0.9.2.0; Amsterdam, The Netherlands). A two-factor mixed-measures ANOVA was employed. Specifically, a 2 (List 1, List 2) × 3 (Ex + DF, DF, R) ANOVA was computed. Statistical significance was established as an alpha of 0.05. Partial eta-squared (η 2 p ) values were calculated as a measure of effect size. Table 1 displays the demographic characteristics of the sample. Participants were similar across the three groups. Table 2 displays the heart rate response to the experimental conditions. There was a statistically significant main effect for time, F(2, 112) = 389.5, p < 0.001, η 2 p = 0.87, main effect for condition, F(2, 56) = 215.9, p < 0.001, η 2 p = 0.89, and a significant time by condition interaction, F(4, 112) = 351.5, p < 0.001, η 2 p = 0.93. Table 3 and Figure 1 display the memory scores across the three experimental conditions. There was a statistically significant main effect for list, F(1, 57) = 12.27, p < 0.001, η 2 p = 0.18, but no main effect for group, F(2, 57) = 1.32, p = 0.27, η 2 p = 0.04, or list by group interaction, F(2, 57) = 2.89, p = 0.06, η 2 p = 0.09. Regarding the list effect, Bonferroni-corrected post-hoc tests indicated that List 1 recall was significantly lower than List 2 recall, M diff = −1.50, p = 0.001. For List 1, there were no differences across any of the groups, all p's > 0.30. For List 2, Ex + DF was not different than DF, M diff = −0.75, p = 0.44, but was just outside the significance threshold when compared to R, M diff = 1.55, p = 0.06. For List 2, DF was different than R, M diff = 2.3, p = 0.01. 
Results
Demographic Characteristics
Discussion
To date, only one study has evaluated whether acute exercise can effectuate intentional forgetting [14] . This is theoretically plausible, as intentional forgetting appears to be heavily influenced by executive control [32] , with executive control shown to be enhanced with both acute moderate-intensity [33, 34] and high-intensity [35, 36] exercise. Further, intentional forgetting has been shown to activate prefrontal cortices associated with cognitive control (e.g., cingulate cortex), as well as induce the activation of the medial temporal lobe [37] , both of which have been shown to become activated with acute exercise [38] . In our past experiment [14] and in the present study, we demonstrated that directed forgetting enhances subsequent memory performance. However, in both of our studies, we failed to demonstrate any beneficial effect of acute exercise in facilitating selective directed forgetting [14] or directed forgetting alone (present experiment).
Intentional directed forgetting is thought to operate under active cognitive processes that engage attentional mechanisms, specifically active withdrawal of attention [39] . Thus, mobilization of attention via activation of the orienting attentional system is likely a key mechanism underlying intentional directed forgetting. Changes in internal context are also likely to play an important role in facilitating directed forgetting [40] . For example, in the remember group, they were instructed to remember both lists, and thus, they internally treated both lists as the same event, maintaining the internal context of the situation. However, those instructed to forget List 1 may have viewed it as a practice session, and as such, treated the two lists as separate events, inducing a mismatch in internal context, ultimately facilitating List 2 enhancement. Of course, many other theories of directed forgetting have been proposed and evaluated, including active erasure [41] , selective rehearsal [42] , and tagging and selective search [43] .
In the context of acute exercise, the attention inhibition theory is likely the most relevant theory in which acute exercise would play any role. As stated, the attention inhibition theory suggests that an active process is used to reduce accessibility of the forgotten items in memory. At the point of encoding, when hearing the directed forgetting instruction, items are suppressed via an effortful inhibitory process. In the present experiment, as well as our previous experiment, we intentionally placed the acute bout of exercise prior to memory encoding in an effort to prime such executive control processes. However, future work should consider placing the acute bout of exercise immediately after the directed forgetting instruction. This may have a greater effect in priming such attention inhibition mechanisms and ultimately disrupting the retrieval paths for the forgetting items (List 1). 
In the context of acute exercise, the attention inhibition theory is likely the most relevant theory in which acute exercise would play any role. As stated, the attention inhibition theory suggests that an active process is used to reduce accessibility of the forgotten items in memory. At the point of encoding, when hearing the directed forgetting instruction, items are suppressed via an effortful inhibitory process. In the present experiment, as well as our previous experiment, we intentionally placed the acute bout of exercise prior to memory encoding in an effort to prime such executive control processes. However, future work should consider placing the acute bout of exercise immediately after the directed forgetting instruction. This may have a greater effect in priming such attention inhibition mechanisms and ultimately disrupting the retrieval paths for the forgetting items (List 1).
Conclusions
In conclusion, we demonstrated a directed forgetting effect, in that cueing an individual to forget a previously encoded list facilitates memory performance on a subsequent list. Future work needs to continue to investigate the potential role, if any, that acute exercise plays in facilitating intentional forgetting. Such studies, for example, should consider the temporal effects of the acute bout of exercise on intentional forgetting.
